Dynamics of Optical Limiting in Heavy-Atom Substituted Phthalocyanines
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ABSTRACT

Picosecond and nanosecond nonlinear transmission mcasurements were used to detcrminc the excited singlet-
and triplet-state absorption cross sections at 532 nm for group IVA metalloid phthalocyanines. A tivc-state rate-
equation model is used to analyze the nonlinear transmission data. The successful simulations of the nonlinear
transmission data on Ibis series of phthalocyanines for widely differing pulse durations provide strong evidence for
the validity of the excited state absorption model. Use of the heavy atom effect has alowed enginecring of
phthalocyanines with strongly cnhanced optical limiting performance.

1. INTRODUCTION

Materials that exhibit nontincar absorption arc currently of interest for usc in devices that protect sensors and
eyes from cnergetic light pulses, as well as for other optical limiting or switching applications. Optical limiting has
been reported for various organic dyes and complexes such as tetraphenyporphyrins, indanthrone derivatives and
oligomers? metallophthalocy anines,3 iron-cobalt metal clusters,® mctallonaphthalocy aninesS and Ce¢ 0
(Buckminsterfullerenc).® Optical limiting in these organic dyes has been autributed to nonlinear absorption, where
the absorption induced at the excitation wavelength is stronger than the initial small-signal absorption by the
ground state. Such nonlinear absorbers have been refered to as reverse saturable absorbers (RSA) or cxcited-state
absorbers. In general, the effectiveness of RSA molecules for optical limiting applications is mainly determined by
the ratio of the cxcitcd-state absorption strength to that of the ground state in the relevant spectral region.

Previously, optical limiting in mctallophthalocy anines such as chloroaluminum phthalocyanine (CAP) and
bis(tri-n-hexysiloxy) silicon naphthalocyanine (SiN¢) for picosecond and nanosecond laser pulses was
investigated.®-7 These studies suggested the importance of excited singlet-singlet and triplet-triplet absorption to
the optical limiting for different time regimes. Wic et a/7 reported the cxcited singlet-singlet absorption cross-
scctions (Os). The ratio of cxcited-state to ground-state absorption cross sections (og/cg) at 532 nm for CAP and
SiNc were 10.5 and 14, respectively, for 30-60 picosecond pulses. Nanosecond transient absorption measurements
on CAP and SiNc? indicate that substantially larger absorption cross-sections on the order of 30-50 times that of
the ground-state absorption cross-section arc exhibited by the tnplct-triplet absorption, but these arc offset by
relatively small triplet yields. ‘I"his led us to usc the heavy atorn effect as an approach to enhancing the nonlinear
absorption of phthalocyanincs. increasing the atomic number of the central atom increases the cffective spin-orbit
coupling for the rt-electrons and, therefore, the intersystem crossing rate from singlet to triplet states. With
efficicnt population of the triplet state, onc would expect 1o cnhance the nonlinear absorption in these molccules
for laser pulse durations shorter than the lifctime of the triplet states (typically less than 400 pscc).




Wc have recentl y demonstrated ‘0 for a series of phthalocyanines containing metalloid atoms (silicon,
germanium and tin) that the heavier atoms lead to enhanced optical limiting for nanosecond laser pulses. Evidence
for ltnplct-state enhancement of the optical limiting was obtained from measurements with different pulse widths,
i .e. 8 nsas compared to 70 ps, 532 nm laser pulses. We observed that the nonlinear absorption increases in the
order of SiPc, GePc and SnPc for nanosecond pulses, but the picosecond nonlinear absorption, duc only to excited
singlet state absorption, follows the opposite trend. Thus, on a timescale where the excited singlet state is decaying
and the triplet state population is increasing, molecules with heavier metalloid atoms exhibit enhanced nonlinear
absorption. This strategy has indeed led to engineering of phthalocyanine dyes with enhanced optical limiting
response. For example, the strong-signal optical limiting output of SnPc is a factor of six lower than CAP and a
factor of two lower than SINc, for solutions with 67% linear transmission in an f/# 19.7 optical limiting geometry,

In this paper, wc present an analysis of the nonlinear transmission of the group IVA metalloid phthalocyanines
that determines their cxcitcd-state absorption cross sections at 532 nm. The structures of these compounds,
prepared using literature methods, ! 1-14 are shown in Figure 1. A five-state rate-equation model provides a good
description of the nonlinear transmission on picosecond and nanosecond timescales over a wide range of pulse
encrgies. Triplet-tnplct absorption spectra in the visible arc presented.

t-Bu

M = Si, Ge, Sn M= Pb
Figure 1. Molecular structures of soluble group VA metalloid substituted phthalocyanines.

2. KINETICS OF EXCITED-STATE ABSORPTION

A state diagram relevant to cxcitcd-state absorption in organic dyes is shown in Figure 2.
Metallophthalocyanines exhibit strong electronic transitions in the visible (Q band at -700 nm) and in the near UV
(B or Sorct band at 300-400 rim). Both the Q [Ia] (1) — leg(n*)] and B [ 1a2y (1) + 1eg(n*)] bands arise from
transitions to n-n*states of E, symmetry. 15 For optical wavelengths between the B and Q bands (400-600 nm)
excitation will be to high vibrational levels of the first excited singlet state, Sy, or to weakly allowed electronic
states, and fast relaxation to the lower vibrational levels of Sy occurs. Subsequent cxcitcd-state singlet-singlet
transitions can occur and may involve promotion of an electron from the 1¢g orbital to 1 by, or 1 b2 orbitals. The
upper excited singlet states typically have ultrafast relaxation to S; with a time constant on the order of onc
picosecond. Intersysiem crossing from S 1 competes with fluorescence and internal conversion, giving rise to
population of the lowest triplet Slate and tnplct-triplet absorption.




The transmission of a system described by the state diagram in Figure 2 will depend, assuming fast d%gbasi ng,

on the populations of the ground and excited states, as well as the various absorption cmss-sections. 1.7.4~20 The
rate cquations describing the electronic slate populations for the five-state model arc:

dN

_a_to_:: ~001 No® + k1o N1 + k3o N3 (1)
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subject to Ng(0) = No(t) + N 1(t) + Na(t) + N3(t) + Na(t) and N 1 (0), Np(0), N3(0), and N4(0) = O, where N is the

number densityof the subscripted state (Sg=0, S1=1,Sp=2, T1=3 and T,= 4), ® isthe photon flux (i.e. I/hv)
in photons/cm?scc, and o and k are the absorption cress section and spontaneous decay rate between subscripted
states, respectively.  The propagation equation for an optical pulse is, assuming a slowly varying envelope
approximation:

%(:7[_) = -001 Ng® —~ 012N ® - 034 N3 @, (6)

So ...._—_..L_.../

Figure 2. 1Jive-date model for nonlinear absorption behavior of metallophthaloc yanines. Symbols arc defined in
the text.




With a specification of the matcrial parameters. Ng(0), the o values, the various photophysical rate constants and
pathlength, 1, and the optical pulse characteristics: pulse encrgy, duration, shape in time and transverse profile, the
equations can bc solved to give the transmission, A Fortran program was developed to numerically solve the
coupled rate equations for the time integrated transmission of optical pulses. Input pulse profiles were taken as
Gaussian functions in time and space and the transmission was averaged over the transverse profile. The excited
stale absorption cross-sections, 012 and 634, were adjusted to give a best fit to the experimental transmission
versus pulse energ y data, with other parameters determined separatel y and held fixed in value. In the next section,
the photophysical parameters for the phthalocyanines will be specified and determination of the excited state
absorption cross-scctions by fitting the nonlinear transmission data will be discussed.

3. EXCITED-STATE ABSORPTION CROSS SECTIONS OF GROUP 1VA
METALLOPHTHAIL OCYANINES

3.1. Photophysical properties

To extract the absorption cross sections for the singlet-sing]ct, 612, and triplet-triplet, 634, transitions from
nonlinear transmission data using the rate-equation model dcscribed earlier, the values of the cxcitcd-state decay
rates k 10.k7 1, k 13, k43, k30 and the ground-state absorption cross section, o1, must be known. Table !
summarizes the peak wavelength of the Q-band absorption, Amax. the S fluorescence lifetime, TS =1/(k10 + k 13)
and the triplet yicld, 9T =ky3/(k10 4+ k1 3), for the group IVA metalloid phthalocyanines and SiNc. The
fluorescence li fetimes were directl Y determined using time-correlated single-photon counting. Direct experimental
¢ values for the phthalocyanines are not yet available, but were roughly estimated from experimental fluorescence
yields and an estimate of the internal conversion yield ic- ¢ic for SINc was determined from ameasurement of 61
and the known ¢T, using ®ic = 1— ¢T — ¢71. &t was determined for SINC and the phthalocyanines in toluene
solutions, using a relative method. For SiNc ¢f1 = 0.45 and, therefore, $ic = 0.35. Taking ®ic for the group IVA
metalloid phthalocyanines to be the same as for SINc allowed the rough estimates of ¢ in Table 1 to be made.
The shortening of the St lifetime and the increase in the triplet yields of the phthalocyanines upon heavy atom
substitution is evident. The radiative lifetimes of these molecules, calculated using a Strickler-Berg analysis, 2!
agreed to within 10% of those obtained using Krad = ¢f1/ 1S- The upper Cxcitcd-slate non-radiative relaxation
rates, k21 and k43, were assumed to be 1 ps. The decay of the first triplet state, T1, to the ground state occurs on a
much slower time scale than k13, For example, k 13 for SINc was reported? to be (330 ps)'in deacrated solutions.
The triplet relaxation in acrated solutions is biexponential with decay times of -2 and 42 ps.? In all cases, the T
decay time is much longer than the pulse durations used in this study. The ground-slate absorption cress sections,
601, arc detenined from linear absorption mcasurements and arc listed in Table 2.

TABL.E 1. Photophysical parameters of group IVA metal substituted phthalocyanines

_ Molccule Amax (rim) 15 (ns) oOT
SiNca 774 - 3,15 1 0.050) 0.204 0.03 ®
Sipcb 664 454 ().10 0.354
Gebcb 667 4.240.10 ().37d
Snpcb 678 2.010.10 0.554
PbPcC 714 0.740.10 0.70d

Molccule of the form: M(0Si(CgH13)3)2Nc

Molccule of the form: M(0Si(CgH13)3)2P¢

Molecule of the form: MPc(1-C4Hg)4

Estimated values, refer to text. Precision estimatedtobe 4 20%

(SIRTIR =2




3.2. Andlysis of picosecond and nanosecond nonlinear transmission

3.2.1. Experiment

A singie beam experimental arrangement was used to measure the nanosecond nonlinear transmission, The
excitation source was a frequency-doubled Q-switched Nd:Y AG laser (Quantel 660) modified to operatein a
TEM g transverse mode with an 8 ns (FWHM) multimode pulse envelope. The laser pulses were focussed into
1-cm pathiength solutions by a 50-cm "best form” lens that provided a Gaussian spatia intensity profile of 135 um
radius (I IW1/¢2M). The Raylcigh range was about 11 cm giving rise to essentially collimated beam propagation
through the I-cm cuvettes. The transmitted pulse was detected with a silicon photodiode of 1 cm®active area
placed 15 cm behind the sample. The detector was placed close to the sample in order to collect all the transmitted
energy. Thus, changes in the transmitted energy for incident energies up to the breakdown threshold arc duc only
to absorption processes in the solutions. The incident pulse energy was monitored on every shot by using a beam
splitter to direct a fraction of the incident beam to another photodiode. The photodiodes were calibrated with a
Scientech model 362 power meter. A series combination of polarizers and half-wave plates were used as variable
attenuators for energy-dependent measurements.

A similar optical arrangement was utilized for picosecond nonlinear transmission measurcments. 7hc
picosecond pulses were produced by injection of continuous-wave mode-locked Nd-YAG output into a 10-Hz Nd-
YAG regencrative amplificr, followed by frequency doubling. The laser operated in a near Gaussian profile and
produced temporally Gaussian pulses of nominally 70 ps (rwHM) duration. The laser pulses were focused into
the sampc, again using 50 cm “best form” lens, to provide a roughly Gaussian spatial intensity profile of 61 pm
(1W1/c4M). The rest of the geometry was the same as for the nanosecond measurements.

3.2.2. Results

Fi gures 3 and 4 show nonlinear transmission curves for SiPC and SnPC solutions for picosecond and nanosecond
pulses, respectively. Experimental nonlinear transmission data have been obtained for pulse encrgics spanning
over more than three orders of magnitude. The data arc shown along with best fit theoretical simulations
calculated using the iivc-state rate-equation model, At low incident energies the transmission approaches the
lincar transmission of the solutions. With increasing pulse energy the transmission drops and ultimately begins (o
approach a limit for the highest energy range. The results in Figurcs 3 and 4 were obtained for dyc concentrations
of about 2.0 x 10-4 M. Additional measurements of nanosecond and picosecond nonlinear transmission of SiNc,

SiPCaGcPC, SnPC and PbPC in toluenc solutions were performed for concentrations varying from 8 x 10°to 5.5
X10-% M.

3.2.3. Rate equation analysis and excited-state absorption cross sections

The rate-equation model described earlier involving excited singlet and triplet states was implemented to tit the
nonlinear transmission responses of the various phthalocyanines. The fitting strategy followed to extract the
cxcitcd-state absorption cross sections was to first fit the 70 ps picosecond data for each molecule, these data being
dominated by the cxcited-singlet absorption, thus establishing the cxcitcd-singlet absorption cross sections. Wc
then fit the 8 ns nonlinear transmission data, holding the excited-singlet absorption cross scctions fixed, to obtain
the triplet-tnplct absorption cross sections.

Figure 3 shows the best theoretical fits for SiPc and SnPC solutions for 70 ps pulses. The photophysical
parameters nceded for generating the numerical fits for each molecule were described in section 3.1. The
numerical fits arc in good agreement with the. data for incident cnergies up to about 100 wJ at which point the
theoretical transmission reaches @ minimum and begins to increase, departing from the cxperimental data. This
calculated behavior is duc to saturation of population in the upper excited singlet state and will be discussed below.
Analysis of the data for the various phthalocyanines leads to the values for o1 listed in Table 2. The 61 2 value
obtained for SINc is in agrecment with the value previoudy reported”.
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in figure 4, the best theoretical fits for SiPc and SnPC for 8 ns pulses are shown. Using o172 obtained from the
analysis of the picosecond data, along with the other photophysical parameters, as fixed parameters, numerical fits
of the 8 ns nonlinear transmission data allowed 634 to be established. The rate-equation model successfully
simulates the nanosecond nonlinear transmissions for this series of phthalocyanines over the full range of incident
pulse energies. The extracted values for g4 are listed in Table 2. The 634 value obtal ned for SINc agrees with
the extinction cocfficient of the triplet-tnplct transient absorption reported by Fircy et al.? Excellent simulations of
the expcrimental non’linear transmission were obtained for solutions with varying dyc concentrations, using a
single set of parameters.

In the calculated picosecond nonlinear transmission wc observe a strong bleaching effect for pulse energies
above 100 pJ. This behavior isduc to kinetic saturation of population in the upper excited singlet state. In the
limit where the |ntenS|ty is high enough that the pumping rate, 6120, competes with the decay rate k21, assumed
earlier to be (1 ps)~!, population will build up in Sy,. Since no additional absorption from this state is included in
the model, the calculated transmission will rise and approach unity as the S population saturates. If k21 used in
the calculation is increased the bleachi ng effect is reduced, however for low concentratlon solutions, the high
energy behavior deviates from the experimental data even for rates as high as (1 O fs)~". This suggests that
additional loss channels, such as absorption from S, to even higher singlet states or nonlinear refractive beam
spreading, not accounted for in the model arc affecting the measured transmission. Nonetheless, 312 iswell
defined by the lower energy (<100 uJ) data, particularly for higher concentrations.

TABI .E. 2 Absorption Cross Scctions? for Group IVA Metaloid Phthalocyanines

Molecule __9%01 012 612/601 034 634/001 $71 634/001
SiNcb 28 39 14 - 90 32 6.4
SiPcC 2,4 30 13 48 20 7.0
GePc® 2.3 30 13 51 22 8.2
SnPcC 2.1 22 11 67 32 18
pbpcd 1.4 42 _ 30 33 23 16

a  Cross sections given in units of 1018 cm’. Estimated precision in cross sections: 601 (+ 5%), 612
(i 10%) and o34 (x 20%).

b)  Molecule Of the form : Si(OSi(CgH 13)3)2Nc.

c)  Molecule of the form : M(OSi(CgH 13)3)2P¢.

d)  Molecule of the form: MPc(1-C4Ho)4.

The values of 601 and 012 show a slight decrease in going from SiPc to GePc to SnPc, leading to a nearly
constant ratio, Rg =012/ 001. However, for PbPc 601is yet smaller and ©12 is larger than for SnPc, leading to a
substantially larger Rg than for the other phthalocyanines. Indeed, PbPc shows a lower strong-signal picosecond
non' linear transmission than the other molecules. The values Of 634 for the phthatocyanines determined by fitting
the nansecond transmission data arc dependent on the estimated values for ¢, thus their accuracy is limited by the
uncertainty in the estimates. However, the product ¢ 634 iswcll determined by the analysis, so wc have aso
listed in Table 2 the ratio RT = ¢ 634/0¢1. The 634 values for SiPc, GePc and SnPc comparable and the value for
PbPc is somewhat reduced, but the 634 / 601 ratios arc roughly constant. It is not known whether the differences
in the parameters for PbPc and the other phthalocyanines arc duc to the metal or the different ring substitution, i.c.
tetra-1-butyl for the PbPc versus unsubstituted for the other molecules. The values of R for the phthalocyanines
show that heavy atom substitution leads to an enhanced tnplct-triplet contribution to the nanosecond nonlinear
transmission in these moieculces.

With values for the cxci[cd-state cross sections and the photophysical parameters, i.e. 15 and ¢, an assessment
of the relative contributions of excited singlet-singlet and triplet-triplet absorption to the optical limiting of the



phthalocyanines for various pulse durations can be made. As discussed above, for pulse durations much less than
1S the optical limiting response is dominated by singlet-singlet absorption. When pulse durations are much larger
than S the singlet contribution diminishes and the contribution of the triplet-tnplct absorption becomes dominant,
The various phthalocyanines examined have different relative singlet and triplet contributions, for the 8 ns pulse
duration used in this study. For SINc, SiPc and GePc with TS -- 3-5 ns and RT < Rs, excited-singlet absorption
makes alarge contribution. On the other hand, for SnPc, with 1 = 2 ns and RT> Rg, the triplet contribution is
morc significant and for PbPc, with 1g = 0.7 ns and Rt - 0.5 Rs, the triplet contribution is dominant.

4. TRIPLET-TRIPLET ABSORPTION SPECTRA

Onc consideration in evaluating materials for optical limiting applications is the bandwidth over which the
limiting performance is cffective. Ideally, for RSA molecules, the ratios Rs and/or Rt would be large over a wide
spectral range. The phthalocyanines typically have weak ground state absorption over about a 150 nm range
centered at -500 nm. To determine spectrum of the excited triplet state absorption in group IVA metalloid
phthalocyanincs, nanosecond transient absorption measurements were conducted. The third harmonic of a Q-
switched Nd:YAG at 355 nm with a 10 ns (FWHM) pulse duration was used as an excitation source and a pulsed
xenon lamp white-light source was used as a probe. Figure 5 shows the transient difference spectra for SiPc, GcPc
and SnP¢ acquired 100 ns after the excitation. We find that the triplet-triplet absorption spectra of these molecules
arc essentiall y independent of the central metal atom and consist of broadband absorption (-120 nm ¥ WHM) with
a maximum around 5:10 nm, well overlapped with the transmission band in the ?round-state absorption. These
results suggest that the phthalocyanines will exhibit effective broadband optical limiting over the 450-600 nm
spectral range for nanosecond or longer pulse durations.
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Figure 5 Diffcrence tnplct-triplet absorption spectra of SiPC, GCPC and SnPC in tolucne.



5. CONCLUSION

It has been demonstrated that the heavy-atom substitution of phthalocyanines leads to enhanced nanosecond
nonlinear absorption duc to increased population of the strongly absorbing triplet state. A five-state rate-equation
model provides a good description of the nonlinear transmission behavior of these dyes for picosecond and
nanosecond pulses. The successful simulations of the nonlinear transmission data on this series of phthalocyanines
for widely differing pulse durations provide strong evidence for the validity of the excited-state absorption model.
Nanosccond transient absorption measurements suggest that the nanosecond optical limiting response of these dyes
should span over 150 nm in the visible. PbPc¢ exhibits roughly an order of magnitude lower strong-signal
transmission, for picosecond or nanosecond pulses, as compared to CAP. SnPc and PbPc possess large excited-
statc absorption cross sections and triplet yields, and are quite promising for optical limiting applications.
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